The observation of the two states Pc(4380) and Pc(4445) [Phys. Rev.Lett. 115 (2015) 072001] solids the existence of the pentaquark state in Nature. In this work, we study the spectrum of the pentaquark states including one or two heavy quarks based on the bound state approach by binding the heavy-light mesons to the nucleon as a soliton in an effective Lagrangian approach. By regarding the H doublet and G doublet as chiral partners to each other and coupling them to light mesons with a minimal derivative, the chiral partner structure of the pentaquark states is calculated. We find that the bound state approach prefers to arrange P + c (4440) and Pc(4457) into a heavy quark doublet ( 1 2 − , 3 2 − ) so both decay to J/ψp through the S-wave. The predicted spectrum shown in this work serves as a guide for the experimental hunting of more pentaquark states.
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I. INTRODUCTION
In 2015, two peaks which were named P + c (4380) and P + c (4450) were observed at LHCb collaboration in the invariant mass distribution of J/ψp in the decay Λ 0 b → J/ψK − p [1] . Very recently, after a closer analysis of the data, the LHCb collaboration reported a new enhancement, the P + c (4312) was found and the previously reported state P + c (4450) split into two structures, P + c (4440) and P + c (4457) [2] . With respect to their decay products, one can easily conclude that these newly observed P + c states consist of at least five quarks, i.e., they are hidden charm pentaquark states. So far, we don't definitely know any other quantum number of these pentaquark states except isospin which can be fixed from their decay products J/Ψp to be I = 1/2.
Since the report of the two states, P c (4380) and P c (4445) [1] , a lot of theoretical studies have been performed to explain their characters. Some of these suggest that these pentaquarks may be interpreted as molecular states [3] [4] [5] [6] [7] [8] [9] [10] , tightly bound pentaquark states [11] [12] [13] [14] , just the kinematical effects of the rescattering from χ c1 p → J/ψp [15] or threshold effect [16] . There's another idea to account for the masses and quantum numbers of the pentaquarks using the bound state approach in which the pentaquark states are composite states formed by a baryon and two heavy-light mesons [17] . More references can be found in, e.g., reviews [18] [19] [20] [21] .
In this work, we study the spectrum of pentaquark states by using the bound state approach by binding two heavy-light mesons with chiral partner structure to the nucleon as the soliton S. In particular, we regard the H doublet and G doublet (H and G doublets will be specified later) as chiral partners [22, 23] , so the composite open charm pentaquark states have two scenarios HS andḠS [24] while the composite hidden charm pentaquark states have four scenarios, HSH, HSḠ, GSH, GSḠ. * yongliangma@jlu.edu.cn
In the literature, the heavy pentaquark states have been studied by using the bound approach [17, [25] [26] [27] [28] [29] including the chiral partner structure [24, 30] . Here, we extend what we did in Ref. [24] to study the hidden heavy quarkonium pentaquark states after a first revisit the open charm pentaquark states.
What we found here is that, the states P + c (4440) and P + c (4457) in the updated data [2] can be arranged in the heavy quark doublet ( This paper is organized as follows: We illustrate our theoretical framework and results of the open charm pentaquark states in Sec. II. Our prediction of the hidden charm pentaquark states are calculated in Sec. III. We give our discussion of the present calculation in Sec. IV.
II. THEORETICAL FRAMEWORK AND OPEN CHARM PENTAQUARK STATES
We start from Ref. [24] which investigated the chiral partner structure of the pentaquark states including one heavy quark based on the bound state approach by binding the heavy-mesons in the H doublet or G doublet to the nucleon as the soliton S in an effective Lagrangian for the pseudoscalar and vector mesons based on hidden local symmetry [31] . We will only cover the part relevant to the present work.
We introduce the charmed heavy-light meson doublets H and G with quantum numbers J P = (0 − , 1 − ) and J P = (0 + , 1 + ), respectively, into the model. In terms of the physical states and the notation of PDG [32] , they are expressed as
which have charm number c = + 1. Regarding the H doublet and G doublet as chiral partners to each other [22, 23] , we write the effective Lagrangian describing the interaction between the heavy-light mesons and the light mesons as [22] [23] [24] 
and the covariant derivativeD µ is defined as
In Lagrangian (3), ξ † L = ξ R = √ U = e iπ/fπ , the equality of the coupling constants in the third and fourth terms are due to the chiral partner structure, f π , g, g A and κ are parameters fixed in Ref. [24] .
In the bound state approach, due to the spin-isospin correlation in the adopted "hedgehog" ansatz for soliton configuration [33] , and the conservation of the heavy quark spin, the equation of motion of heavy-light meson field is invariant the rotation of the " light grand spin"
where L is the ordinary orbital angular momentum operator between the soliton and heavy-light meson, I light is the isospin operator of the heavy-light meson field and, J light is the spin operator of the light degree of freedom of the heavy-light meson which has the eigenvalue 1/2 for both H and G doublets. In the bound state approach, for the quantum number l of operator L, the HS(HS) bound states have parity π H = (−1) l while the GS(ḠS) bound states have parity π G = − (−1) l . In this work we will consider both the large N c limit and heavy quark limit, i.e., both soliton and heavy-light mesons have infinite mass. Therefore, we will not consider the orbital excitation between the constituents, i.e., take l = 0. From Lagrangian (3), one can express the potential V H between H doublet and soliton and potential V G between G doublet and soliton as
The coupling between the H doublet and G doublet is
Therefore, in the heavy quark limit, its contribution to the bound state vanishes in the rest frame of the soliton [30] .
where k is the eigenvalue of the operator K = J light + I light defined in Eq. (6) . In Eq. (7), F (0) and ω(0) are, respectively, the static profile functions of pion and omega at origin. Their values depend on the profiles of the soliton configuration at origin, therefore the model of soliton. Here, to consistent with the present work, we take the values from Ref. [34] The state with definite angular momentum and isospin can be generated by collective quantization. The collective rotation gives an additional contribution to the Largrangian [35] δL coll = 1 2
where I is the moment of inertia of the soliton and Ω is the angular velocity of the collective rotation. Θ is the isospin of the heavy-light mesons interacting with the nucleon as soliton [25] . The angular momentum computed from this collective rotation is
where J rot and the total isospin I satisfying I = J rot [25] . Now, the total spin of the light degrees of freedom in the heavy baryon (bound state) is expressed as
With respect to the heavy quark spin, the spin operator of the composite heavy baryon is expressed as J B = j + S Q with eigenvalues j B = j ± 1/2. By the standard Legendre transformation, one can get the rotation energy H coll as
where
With the above discussion, we then finally obtain the bound state mass as
In this expression,M H,G are the spin-averaged heavylight meson masses with
Using the empirical values of the baryon masses m N = 0.94 GeV, m ∆ = 1.23 GeV, we obtain the following values of the parameters M sol = 0.868 GeV, 1/I = 0.193 GeV, g = 4.74. (15) By using the D * → Dπ, we obtain |g A | ≃ 0.56 [36] .
In combination with m Λc = 2.29 GeV which can be regarded as a HS bound state in the bound state approach, we can fix κ = − 0.83 with g A = 0.56 [24] . With this parameter choice and the profile functions of the light mesons calculated from the HLS upto the next to leading order [34] , the binding energy between the heavy-light mesons in the H doublet and G doublet and soliton can be obtained as
GeV. (16) Substituting v µ with − v µ , repeating the previous calculation, one can obtain the binding energy between the heavy-light mesons in the anti-H doublet (c = − 1) and anti-G doublet (c = − 1) and soliton as
GeV,
Such kind of bound states made of a soliton and the anti-H doublet or anti-G doublet are pentaquark states with one anti-charm quark. We list in Table I the binding energy for quantum numbers k = 0, 1. The results shown in Table I tell us that, for the H doublet with c = + 1, the k = 0 channel forms the first bound state while for the G doublet with c = + 1, the k = 1 channel forms the first bound state. However, for the bound states with anti-charm quark, i.e., the c = − 1 sector, theH doublet forms the first bound state in the k = 1 channel while theḠ doublet forms the first bound state in the k = 0 channel. These states are regarded as pentaquark states with c = − 1.
We list the predicted spectrum of the pentaquark states in Table II . From this table, we see that, although the mass difference between the H doublet and G double is about ∼ 430 MeV, the bound statesHS andḠS have the close mass. This is because, theḠ doublet is more deeply bound to the soliton. In stark contrast to the standard scenario of chiral partner structure in 
III. HIDDEN CHARM PENTAQUARK STATES
After the discussion of the pentaquark states with one anti-charm quark, we extend the bound state approach to discuss the hidden charm pentaquark states. In this case, different from the pentaquark states with one anti-charm quark we discussed in above, two heavy-light mesonsone charm and the other anticharm -should be bound to the soliton. In such a case, the rotational energy reads [37] δL coll = 1 2
with Θ i being the isospin of the i-th heavy-light meson. Therefore, the total spin of the light degrees of freedom in the bound state -including two heavy-light mesons -is defined as
with K i being the sum of the light-spin and isospin of the i-th heavy-light mesons. By including the heavy quark spin, the spin operator for the bound pentaquark state P c is expressed as j Pc = j l + S Q1 + S Q2 . Therefore, in the bound state approach, different from the pentaquark states including one heavy quark, the pentaquark states with two heavy quarks are arranged into two heavy quark multiplets. In the present hidden charm pentaquark case, the bound states made of the i-th and the j-th heavylight mesons have parity π i π j . By defining the total K-spin of the light degrees of freedom in the system K l = K 1 + K 2 , the H coll can be expressed as [37] H coll = 1 2I I(I + 1) + 3/2
where χ ± = χ 1 ± χ 2 with χ i given by Eq. (12) for the i-th heavy-light meson. Then we finally obtain the mass of the bound state -pentaquark state -as
whereM i is the spin-averaged mass of the i-th heavylight meson in the bound state, V i is the binding energy between the soliton and the i-th heavy-light meson which is given in Table I . From Table I , we see that, for the c = + 1 meson, the H doublet bound to soilton in the k πH = 0 − channel while the G doublet bound to soliton in the k πG = 1 + channel. However, the c = − 1 meson, theH doublet bound to soliton in the k πH = 1 − channel while theḠdoublet bound to soliton in the k πḠ = 0 + channel. The parity of the bound state pentaquark state is π = π i π j with π i being the parity of the i-th heavy-light meson in the bound state. With respect to this fact, we list our result in Table III together with the corresponding masses and quantum numbers. From Table III , we find that all the predicted states are above the threshold of the J/Ψp, i.e., M J/Ψp ≃ 4.04 GeV. If the decay products J/Ψp of P c are determined in Swave, it can be identified with HSḠ bound states. However, if the products J/Ψp are in the P -wave, it should be the HSH bound states.
Comparing our prediction with the observation, we found that it is reasonable to identify the P + c (4440) and P + c (4457) with the HSḠ bound state and arrange them in the heavy quark doublet ( 1 2 − , 3 2 − ). The mass splitting between the P + c (4440) and P + c (4457), ∼ 20 MeV, is due to the heavy quark symmetry breaking effect, like that of the heavy-light mesons in the G doublet. In the present calculation, it is difficult for us to identify the quantum numbers of P c (4312) by simply comparing the mass.
We next discuss the chiral partner structure in the present picture. In the present bound state approach to the pentaquark states, it is more difficult to identify the chiral partner than that in the heavy-light meson sector and the pentaquark state including one heavy quark. A possible scheme, probably more reasonable one, is to clarify the bound states HSH and HSḠ as chiral partners to each other and, GSH and GSḠ as another chiral partners. In this scenario, the chiral partner structure arises from anti-heavy-light meson constituent in the bound state. In addition, due to contribution to the rotation energy from the combination of the quantum numbers k and j l , the mass splitting between the chiral partners is subtle.
IV. SUMMARY AND DISCUSSION
In this work, we studied the spectrum of heavy quark pentaquark states from the bound state approach with chiral partner structure. We take both the large N c limit and the heavy quark limit, therefore the constituents can be regarded as infinitely heavy objects. With respect to this, we will not consider the radial excitation of the constituents.
From our calculation, it seems reasonable to identify the P + c (4440) and P + c (4457) as heavy quark doublet with quantum numbers ( 1 2 − , 3 2 − ). Their chiral partners have complicated structure and have about 200 MeV smaller masses. These are the main conclusions in the this work. In addition, due to the combinations of the heavy-light mesons in the bound states, many other states are predicted. These states may give a guide for the future hinting of more pentaquark states although, after more precise calculations, for example, including the finite heavy quark mass corrections, the masses predicted here may be slightly changed. Different from what observed so far, these states are above threshold of DDN with N being the nucleon so that can be observed in the channels including open charm mesons.
From the present numerical results, one can easily estimate the pentaquark states including bottom quarks, i.e., the states have valence quarksb,bcqqq,cband bbwith q being the light quark. This can be straight forwardly done by substituting the spin-averaged mass of the charmed heavy-light meson doublet with the corresponding one of the bottom heavy-light meson doublet. Since the potential and collective rotation energy calculated in the bound state approach only concern the light degrees freedom, what one should do is to add the mass difference between the bottom doublet and the corre-sponding charmed doublet. We will not list the numbers here since it is a trivial procedure.
